Abstract Aluminum(III) porphyrins are examined as potential fluoride selective ionophores in polymeric membrane type ionselective electrodes. Membranes formulated with Al(III) tetraphenyl (TPP) or octaethyl (OEP) porphyrins are shown to exhibit enhanced potentiometric selectivity for fluoride over more lipophilic anions, including perchlorate and thiocyanate. However, such membrane electrodes display undesirable super-Nernstian behavior, with concomitant slow response and recovery times. By employing a sterically hindered Al(III) picket fence porphyrin (PFP) complex as the membrane active species, fully reversible and Nernstian response toward fluoride is achieved. This finding suggests that the super-Nernstian behavior observed with the nonpicket fence metalloporphyrins is due to the formation of aggregate porphyrin species (likely dimers) within the membrane phase. The steric hindrance of the PFP ligand structure eliminates such chemistry, thus leading to theoretical response slopes toward fluoride. Addition of lipophilic anionic sites into the organic membranes enhances response and selectivity, indicating that the Al(III) porphyrin ionophores function as charged carrier type ionophores. Optimized membranes formulated with Al(III)-PFP in an o-nitrophenyloctyl ether plasticized PVC film exhibit fast response to fluoride down to 40 mM, with very high selectivity over SCN
Introduction
The development of ion-selective polymeric membrane electrodes has provided simple and inexpensive analytical tools for the determination of a large number of ionic species in complex sample matrixes [1, 2] . Such devices have had an immense real-world impact, especially in the area of clinical chemistry for the determination of electrolytes in undiluted blood samples. While ion-selective membranes for cations are now well established, devising analogous devices with highly selective response to given anions has been far more challenging. This is due to the inherent differences between anions and cations, such as size and shape [3] . Under simple ion-exchange conditions, anion selectivity is governed by the partitioning of each anion from the aqueous sample phase into the organic membrane phase of the electrode; more lipophilic ions are exchanged more readily and thus display greater EMF response. The Hofmeister series is based on the anions free energy of hydration (DG hyd ) and accurately predicts the selectivity pattern that occurs when membranes are doped with lipophilic anion exchangers such as quaternary ammonium salts (i.e., ClO 4 À > SCN [4] . The challenge in developing new anion polymeric selective membrane electrodes is to formulate films that exhibit responses that deviate from the Hofmeister series. This can be achieved by adding lipophilic agents to the membrane that selectively form complexes with one anion over others. Several reports from our laboratories [5 -12] , and elsewhere [13 -15] , have shown that metalloporphyrins can serve as useful ionophores for preparing membrane electrodes with selectivity toward a variety of different anions. When using metalloporphyrins as ionophores, selectivity for a particular ion arises from its preferred axial ligation to the central metal ion of the porphyrin complex. Examples of this ligation phenomenon include indium(III)s preference for chloride [12] , cobalt(III) for nitrite [10] , and gallium(III) and zirconium(IV) for fluoride [6, 7, 9, 12] .
Constructing polymer membrane-based anion ISEs for fluoride presents an especially formidable challenge due to fluorides extremely negative DG hyd (À 436 kJ/mol) [16] . In addition to representing a fundamental advance in ISE technology, the development of a fluoride-selective polymeric membrane electrode could also have great impact for several real-world applications. Fluoride is present in a number of oral hygiene products and is also added to many municipal water supplies to help prevent dental carries [17] . When employing fluoride in this manner, there is a relatively small therapeutic window: too low [F À ] will be ineffective and too much can cause damage (dental fluorosis). Therefore, accurate determination is critical. Further, several pesticides and chemical warfare agents contain organophosphate groups with C À F bonds that may hydrolyzed, producing F À , when exposed to the environment. Detection of this fluoride can be employed as a marker to assist in determining the presence of such compounds. It may also be possible to use a fluoride sensor in combination with an enzyme to quantify specific compounds [18] . Additionally, antidepressant pharmaceuticals such as (R)-fluoxetine (prozac) contain C À F bonds [19] , and sensitive fluoride detection could assist in more fully elucidating the metabolic pathway of these compounds.
Due to these important applications, fluoride-selective sensor development has been an area of great interest. The widely used lanthanide fluoride (LaF 3 ) crystal based electrode [20] is accurate and sensitive, but also suffers from certain drawbacks including high cost and difficulty to miniaturize, especially for incorporation into planar sensor arrays. The ability to utilize polymer membrane-based sensors to accurately detect fluoride would solve many of the limitations encountered with the LaF 3 electrode. Previously, both Ga(III) and Zr(IV) porphyrins have been added to polymer membranes and electrodes fabricated with such membranes were shown to exhibit enhanced potentiometric response toward fluoride [6, 7, 9, 12] . In addition to these porphyrin-based systems, uranyl salophens [21] , bis(halodiphenylstannyl)alkanes [22] , and gallium salophens [23] have been previously reported to enhance fluoride response when employed as ionophores in potentiometric ISE membranes.
Very recently, we have reported that aluminum(III) octaethylporphyrin (Al(III)-OEP) in thin polymer films can be used to devise a highly selective optical sensor for fluoride [24, 25] . In these studies, the change in optical absorbance of a pH sensitive chromoionophore is utilized as transduction of the fluoride binding to the Al(III) porphyrin within the polymeric film. When a fluoride ion is extracted into the membrane phase, a proton is co-extracted to maintain electroneutrality within the film. The porphyrin complex binds the fluoride while the proton is bound by the chromoionophore, whose optical absorbance is highly dependent on its degree of protonation. Herein we report initial results when employing aluminum(III) porphyrins (TPP, OEP, and PFP (picket-fence porphyrin)) as fluoride selective ionophores in potentiometric polymer membrane ISEs. The data suggest that both Al(III)-TPP and OEP complexes undergo dimer -monomer equilibria within the polymer membranes of the electrode, but that the sterically hindered PFP does not participate in such reactions. It will be shown that eliminating the dimer -monomer chemistry provides a fluoride sensor that exhibits improved analytical performance and response characteristics, along with exceptional selectivity for fluoride ion.
Experimental

Reagents and Chemicals
The ionophore, aluminum(III) octaethylporphyrin chloride (Al(III)-OEP) was purchased from Frontier Scientific. Aluminum(III) 5,10,15,20-tetraphenylporphyrin chloride (Al(III)-TPP) was synthesized using previously published procedures. [26, 27] The picket fence porphyrin (5,10,15,20-tetrakis(o-pivalamidophenyl)porphyrin), obtained from Frontier Scientific, Logan, UT, was metallated with diethylaluminum chloride as described previously (only for nonsterically hindered species in these previous reports) to provide Al(III)-PFP [28, 29] . Unless otherwise noted, solvents and reagents were used as received from Aldrich (Milwaukee, WI), Fisher (Pittsburgh, PA), Strem Chemicals (Newburyport, MA), or Fluka (Milwaukee, WI). Solvents used for synthesis under an inert atmosphere were further purified using standard procedures [30] .
ISE Membrane Formulation and EMF Measurements
The ISE membranes consisted of 1 wt% ionophore and various quantities of anionic additive salt, potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), in ca. 66 wt% plasticizer (o-nitrophenyloctyl ether (o-NPOE) or dioctylsebacate (DOS)) and ca. 33 wt% polymer (poly(vinyl chloride) (PVC)). For detailed compositions of the different membrane formulations tested, see Table 1 . All components (total mass ¼ 200 mg) were dissolved in 3 -4 mL of freshly distilled THF and the mixture was cast in a 25 mm-id glass ring affixed to a glass slide. After allowing the solvent to evaporate overnight, disks 8 mm in diameter were cut from the parent membrane and mounted in appropriate electrode bodies (Oesch Sensor Technology, Sargans, Switzerland). Electrochemical potentials were measured with the following galvanic cell: Ag/AgCl(s), KCl (4 M)/bridge electrolyte/sample solution/ion-selective membrane/inner filling solution/AgCl(s)/Ag. The bridge electrolyte of the double junction reference electrode was 1 M lithium acetate. Buffered solutions of either 0.01 M NaCl or 0.01 M NaCl with 0.01 M NaF served as the inner filling and conditioning solution for the ISE measurements. Buffers employed in this study included 0.05 M 2-[Nmorpholino]ethanesulfonic acid (MES) at pH 5.5 and 0.05 M glycine adjusted to pH 3.0 with phosphoric acid (gly/phos). All analyte solutions were prepared from sodium salts of the various anions dissolved in the appropriate buffer.
EMF values for the ISEs vs. reference electrode were measured at ambient temperature (ca. 23 8C) via a PC coupled to a high Z interface (VF-4, World Precision Instruments) and controlled by Labview software (version 7.0, National Instruments). Data presented in the figures were normalized in order to make the starting EMF values of all electrodes equal to zero.
Preparation of Films for Optical Studies
A 100 mg portion of the parent film cast for potentiometric measurements was dissolved in 3.3 mL of freshly distilled THF. A 400 mL aliquot of this solution was then spread onto a glass slide (55 mm Â 25 mm Â 1 mm) and the slide was spun at 600 rpm for 15 s with a Cookson Electronics G3 -8 spin coating device yielding a uniform polymer film for optical measurements. The slide was then cut to fit into a standard 1 cm quartz cell (ca. 50 mm Â 8 mm Â 1 mm).
Physical Methods
For characterization of all synthesized species, all proton nuclear magnetic resonance ( 1 H NMR) spectra were collected on a 400 MHz Varian Inova spectrometer. Infrared spectra were collected on a Perkin Elmer Spectrum BX spectrometer. Mass spectra were recorded with a Micromass LCT-TOF mass spectrometer with positive ion electrospray ionozation. All electronic absorption spectra were collected using a Perkin Elmer Lamda 35, UV/Vis spectrophotometer. The glass slides containing polymer membranes were equilibrated in a large volume (ca. 100 mL) of the appropriate analyte solution prior to collection of each optical spectrum.
Results and Discussion
Potentiometric Response Characteristics of Membrane Electrodes Formulated with Al(III)-OEP and Al(III)-TPP
The recent discovery that Al(III)-OEP can be used as a highly selective fluoride ionophore in an optical sensing format [24, 25] led to the present study to examine various aluminum(III) porphyrins in polymer membranes for potentiometric sensing of fluoride. A variety of PVC membrane electrodes were prepared with various Al(III) porphyrins along with different amounts of anionic sites in the polymeric membranes, as well as different internal solution compositions (with and without fluoride added to internal) for the fabricated electrodes (see Table 1 ). Initial testing was performed with electrodes containing Al(III)-TPP. As shown in Figure 1 , devices prepared with PVC-DOS membranes containing Al(III)-TPP (e.g., electrode III) exhibit enhanced potentiometric response to fluoride compared to all other anions tested. These results were obtained using 10 mM NaCl as the internal solution of the electrode and anionic additives (KTFPB; 50 mol% relative to porphyrin) in the membrane. The addition of cationic sites in the form of tridodecylmethylammonium chloride (TDMAC) to the membrane phase yielded a classical Hofmeister selectivity pattern (data not shown), indicating that Al(III)-TPP likely functions as a charged carrier type ionophore [31] .
In these preliminary experiments, the response to fluoride was assessed using a pH 3.0 glycine/phosphate buffer as the sample solution owing to the significant interference of hydroxide ions with the Al(III)-porphyrin based membranes. Under such acidic conditions, ca. 60% of all fluoride present in solution is protonated (HF) and is not detected by the electrode. Hence, all potentiometric responses are plotted versus the logarithm of the anions total concentration (i.e., [
. Activity of fluoride is not used due to the difficulty in determining accurate activity coefficients in zwitterionic buffer solutions.
Several levels of KTFPB were tested (see Table 1 for all membrane compositions) and the best selectivity for fluoride was obtained with 50 mol% (relative to Al(III)-TPP, membrane III). However, regardless of the borate concentration, the response to fluoride was slow and quite super-Nernstian with slopes greater than À 100 mV/decade (see Table 1 ). Similar behavior was observed for membrane electrodes formulated with Al(III)-OEP (data not shown).
The high slopes for the electrodes prepared with the Al(III)-TTP-doped membranes can likely be attributed to chemical changes in the organic membrane as fluoride ion levels are increased within the sample phase. It has been reported that other group 13 metalloporphyrins (Ga(III) and In(III)) form hydroxy-bridged dimer species [32] , and that selective cleavage of these dimers by analyte ions (F À for Ga(III) and Cl À for In(III)) is responsible for the observed non-Nernstian behavior. [33] Indeed, such dimer - monomer chemistry has already been employed to construct optical sensors for chloride [34] and gaseous amines [35] since the dimeric and monomeric forms of the porphyrins exhibit significant differences in their l max for UV-Vis absorption. For the aluminum(III) porphyrin systems reported here, membrane electrodes equilibrated and conditioned with 10 mM fluoride (added to the internal solution, electrodes VIII and XII) display near-Nernstian fluoride response (see Fig. 2 ) with Al(III)-TPP or Al(III)-OEP as the ionophore, and maintain a high degree of potentiometric fluoride selectivity (see Fig. 2 ). It is believed that the addition of fluoride to the internal solution helps eliminate any m-OH bridged dimer formation and further helps to force the Al(III) porphyrins to their preferred ligation state with fluoride, to yield near theoretical slopes. Unfortunately, the response times and reversibility of electrodes prepared with membranes VIII and XII are still relatively slow compared to typical polymer membrane ISEs. This may be due to a second dimer -monomer equilibrium involving the formation of dimeric species induced by increasing fluoride levels, in which two fluoride ions bridge two Al(III) porphyrins in the membrane phase [25, 36] . When comparing the OEP with TPP systems, it is clear that Al(III)-TPP displays greater reversibility in EMF response than Al(III)-OEP as illustrated in Figure 3 . The slow response and recovery times of both sensors, however, suggests that multiple equilibria are still occurring in the membrane phase beyond the desired single axial ligation of the fluoride ion to a monomeric Al(III) species.
Interestingly, optical studies of thin polymeric films containing the Al(III)-OEP and TPP species suggest the possible formation of a m-F À dimeric species [25] . Figure 4 shows optical absorbance spectra of films containing Al(III)-TPP. The film (membrane used for electrodes III/ VIII in Table 1 ) was initially equilibrated in gly/phos buffer Figure 4 ). Optical spectra were also recorded after the film was equilibrated in solutions containing increasing concentrations of fluoride. After the first fluoride equilibration (10 À4 M), the Soret band increased in intensity while the absorbance at 406 nm actually decreased. However, as total fluoride concentration was then increased (10 À3 , 10
À2
, and finally 10 À1 M), the Soret band continually decreased in intensity with the concomitant appearance and increase of a new band at 403 nm. Since previous studies have shown a hypsochromic shift in the l max for dimeric metalloporphyrins in polymeric films (compared to monomers), the spectral data shown in Figure 4 demonstrates the possibility that a bridging-fluoride dimer may form when the film is exposed to fluoride. When the membrane is soaked in a solution containing only chloride (the initial internal solution composition employed to obtain the data shown in Figure 1 ), no changes in the optical absorbance spectrum are observed indicating that the effect is a direct result of fluoride (data not shown). In addition, it is possible that membranes that had never been exposed to fluoride undergo a non-equilibrium extraction of fluoride even in the absence of fluoride bridge dimer formation. This could partly explain the super-Nernstian behavior observed as the fluoride concentration was increased in the test solution, and fluoride is absent in the internal solution (so-called Hulanicki effect [37] ). Indeed, as fluoride ions are introduced to the test solution, they are quickly extracted into the polymer phase because of their strong binding affinity for Al(III). Dimers then spontaneously form creating non-equilibrium conditions that could be responsible for the observed non-Nernstian slopes. When fluoride is added to the internal solution and the films are equilibrated, some degree of fluoride bridged dimers form so that increasing the sample concentration of fluoride has less effect on the degree of dimers in the film. Thus, the presence of this internal solution partially buffers the membrane with respect to fluoride, allowing for nearNernstian behavior to be observed.
While near theoretical slopes can be achieved by adding fluoride ion to the internal solution, slow response times and sluggish reversibility persists for sensors formulated with Al(III)-TPP or Al(III)-OEP. Variation of plasticizer (DOS, NPOE, or TOP), polymer membrane (PVC, PU, carboxylated-PVC), or membrane additives (in addition to KTFPB) proved to be ineffective in improving electrode performance (data not shown).
Potentiometric Response Characteristics of Electrodes Formulated with Al(III)-PFP
Although Al(III)-OEP and Al(III)-TPP based membranes exhibited good selectivity towards fluoride, the responses characteristics were less than desirable due to the nonequilibrium processes that appear to take place within the polymer film. Similar difficulties were observed previously with indium(III), gallium(III), and zirconium(IV) porphyrins as ionophores [9, 12, 34, 35] . Recently, two strategies have been employed to eliminate dimer -monomer chemistry within the sensing membranes and improve overall electrode performance: (1) covalent attachment of the ionophore (In(III) porphyrin) to the polymer matrix [38] , and (2) use of a porphyrin ligand with sufficient steric bulk (In(III)-or Ga(III)-picket fence porphyrin) [33] . While we have investigated both approaches for aluminum(III) porphyrins, covalent attachment proved to be difficult due to the very high Lewis acidity of Al(III). Therefore, commercially available PFP was metallated with Al(III) and employed as an ionophore (Al(III)-PFP) to prevent any dimer formation with the polymeric membrane of the fluoride sensing electrode. Table 1 lists the membrane compositions examined that contain the Al(III)-PFP ionophore (electrodes XIV -XIX). All of these electrodes displayed near Nernstian response over a given fluoride ion concentration range (see Table 1 ) with only chloride present within the internal solution. The most promising EMF response was obtained with a PVC/o-NPOE membrane containing 1 wt% Al(III)-PFP and 25 mol% of KTFPB, yielding response from 6 Â 10 À5 M À 6 Â 10 À2 M fluoride concentration range with a slope of À 59.4 mV/dec (see Figure 5 ). Potentiometric response for this membrane composition did not exhibit any significant drift, and the data shown in Figure 5 did not require normalization. Further, when films of the same composition were examined using UV-Vis absorption spectroscopy, no evidence of any dimer formation was found in the absence or presence of fluoride, indicating that the steric hindrance within the PFP ligand eliminates the possibility of forming anion bridged dimers. The only changes in the spectrum (2 nm blue shift of the Soret band) reflected the axial ligation of fluoride to Al(III) ion center of the porphyrin.
A comparison of the results obtained for Al(III)-PFP vs. Al(III)-TPP or Al(III)-OEP as ionophores (see Fig. 2 ) indicates that the Al(III)-PFP system also provides far better selectivity. Table 2 lists the experimentally determined potentiometric selectivity coefficients for the three ionophore systems (based on separate solution method [39] ). Electrode XV with Al(III)-PFP exhibits the best reported potentiometric fluoride selectivity of any ionophore system reported to date in the literature, with potentiometric selectivity coefficients for fluoride over lipophilic anions such perchlorate (log k FÀ/ClO4À ¼ À 4.2) and thiocyanate (log k FÀ/SCNÀ ¼ À 3.0) far lower than other ionophore systems (see Table 2 ). It should be noted that because the slopes of all anions calibration curves (other than fluoride) were non-Nernstian, it is not possible to determine selectivity coefficients with a high degree of accuracy. The values presented in Table 2 allow for comparison between different membrane compositions and previous reports, but a more appropriate measure of selectivity when electrodes exhibit non-Nernstian behavior to interferent ions is to display of the relative EMF response curves, as illustrated in Figure 5 [39] . It can be seen that there is negligible response toward all other anions tested when using Al(III)-PFP as the membrane ionophore. The only significant interference for fluoride sensors based on Al(III) porphyrins is hydroxide ion. Indeed, an estimation of the potentiometric selectivity coefficient for fluoride vs. hydroxide can best be obtained using the fixed interferent method [39] . Values of log k FÀ/OHÀ estimated using this method are in the range of þ 6.0 -6.5 for the various Al(III) porphyrin ionophores. As observed for most of the metalloporphyrin ionophore systems reported to date, hydroxide is very strong axial ligand for the Al(III) center, and this necessitates use of pH 3.0 buffered samples to achieve optimal detection limits for fluoride.
Another crucial response parameter that characterizes the ability of Al(III)-PFP to remain as a monomer within the membranes of the electrodes is the response and recover times. As shown in Figure 6 , electrode XV shows quite rapid and fully reversible EMF response toward fluoride. Stable EMF response was achieved in ca. 1 min after additions of fluoride to the test solution (pH 3.0) and full reversibility is achieved in ca. 2 -3 min. This is much faster than that obtained with the Al(III)-TPP or Al(III)-OEP ionophores, even with fluoride added to the internal solutions of the electrodes.
One potential drawback of the present Al(III)-PFP ionophore system is the relatively short electrode lifetime. Indeed, the slope of the fluoride calibration curve decreases from À 59 to À 50 mV/dec after one week. This is attributed to leaching of Al(III)-PFP into the aqueous conditioning solutions and also its crystallization within the membrane phase. Synthesis of a more lipophilic picket fence type Al(III) porphyrin structure should overcome this current limitation.
Conclusions
Based on the data presented above, Al(III) porphyrins appear to offer great promise as potential ionophores in developing fluoride selective polymeric membrane electrodes. When Al(III)-TPP and Al(III)-OEP are used as ionophores, the resulting electrodes display selective response toward fluoride, but with slow response and recovery times. Optical absorbance data suggest that these porphyrins likely form fluoride bridged dimers within the organic membrane phase upon increasing analyte fluoride levels in the sample. Such dimerization can be prevented by using a sterically hindered porphyrin ionophore, Al(III)-PFP, which enables fabrication of electrodes with vastly improved fluoride response and selectivity, and no evidence of dimer -monomer chemistry in the membrane phase. However, detection limits in this system (20 mM) are still somewhat higher than desired (e.g., 1 mM) and further studies are needed to determine membrane formulations or test conditions that will enable lower levels of fluoride to be detected reliably.
